Recent development in the theory of screw structure of spins and its modification due to anisotropy energy and applied magnetic field is reviewed, with reference to neutron diffraction work on rare-earth metals and MnAu2.
first two peaks 9 which he was unable to identify. By using monochromatic excitation he showed that the 1.07 mo peak was that due to the spin orbit split-off valence band. Hence from the 0.7 mo light hole it was possible to estimate the heavy hole to be 2.2 mo. At 70 kMc this required fields of the order of 60 kgauss. Hence the experiments were repeated with higher fields to obtain all three masses as shown.
CONCLUSIONS
In order to carry out the experiments to date, we have had to work on a two-shift basis and are already starting on a three-shift operation in order to accommodate additional experiments that are being planned for the existing magnet laboratory. It is expected that in about one and a half years the new laboratory will be in oper-9 C. Rauch, Phys. Rev. Letters 7, 83 (1961 5 They all show ferromagnetism at low temperatures, not always a simple ferromagnetism in actuality, and apparently antiferromagnetism at intermediate temperatures. This apparent antiferro-magnetism was actually found to be a screw in Dy and Ho (possibly also in Tb) and a sinusoidally varying spin arrangement in Er and Tm. It is very likely that the crystalline field anisotropy energy of the 4/ shell of these metal atoms has modified the simple screw arrangement of spins which these metals would have had in virtue of a certain characteristic exchange interaction if there were no anisotropy energy. A study of the crystalline field anisotropy energy and its effect on the spin arrangement has recently been done by Miwa and Y osida, 6 Elliott,7 and Kaplan,8 independently, and they succeeded in interpreting the magnetic structures of these metals.
A magnetic field acting on the crystal should also affect the magnetic structure. A magnetic field is, so to say, the source of the simplest anisotropy energy which can be varied at will. The effect of an applied field on the screw structure of spins has been studied at Saday by Herpin and Meriel 9 with MnAu2 by neutron diffraction measurements. Rare-earth metals are also being investigated at Oak Ridge by Koehler.1° The corresponding theory, applicable to simplest cases only at the present moment, has been developed by Herpin and Meriel, 9 Enz,ll and the present writer.l2
It is the purpose of this memorandum to briefly review the information at present available and to outline the theories mentioned above.
OUTLINE OF THE THEORY OF SCREW STRUCTURE
Before going over to the main part of the present article, it might be helpful to briefly outline the theory of screw structure. Consider a set of layers of atoms whose spins are coupled ferromagnetically within each layer with an exchange constant J 0, between adjacent layers with J 1, between next-nearest-neighboring layers with J 2, and so on. Let the spins in the same layer be parallel and their direction be specified by an angle On, measured in one plane from a certain specified direction, where n is the number of the layer under consideration. Then the interaction energy can be written
where, for the sake of simplicity, the number of pairs interacting in the same way are supposed to be included in the exchange constants. If we put On = nq+const, we have
E= -N5 2 J(q),
where J (q) = J 0+ 2J 1 cosq+ 2J 2 cos2q+ ... ,
N being the number of layers. Thus, the minimum of the energy corresponds to the maximum of J(q), and if J(q) is the largest at q=O or 71" the system will show ferromagnetism or antiferromagnetism, respectively. If, however, J (q) is the largest at qo different from 0 and 71", the system will have a screw structure, in which the spin vectors rotate uniformly with an angle qo as one goes from layer to layer. Y oshimori has proved rigorously that for crystals consisting of equivalent magnetic atoms-equivalent in the sense that the environment of every atom, as regards the magnetically interacting neighbors, is the same apart from translation-the screw structure represents the stable solution of the problem of minimum energy if J(q) is the largest at qo. The example he took was Mn02, for which he explained beautifully the neutron diffraction lines observed by and Crystallography, Kyoto, 1961 (to be published). 12 T. Nagamiya, K. Nagata, and Y. Kitano, Proc. International Conference on Magnetism and Crystallography, Kyoto, 1961 (to be published); Progr. Theor. Phys., Kyoto (to be published).
Erickson,13 with qo=S7I"/7. His proof also applies to hexagonal close-packed structures if the screw axis is parallel to the hexagonal axis, which is the case for rare-earth metals with more than half-filled 41 shell.
(If the screw axis is perpendicular, or in general oblique, to the hexagonal axis, the uniform rotation has to be modified in such a way that, corresponding to two atoms in each unit cell, the spin vectors of one sublattice is rotated by a certain angle with respect to those of the other sublattice.)
The discovery of screw structure was made through the following consideration. Several years ago, Nakamura and Nagai 14 at Kyushu University were investigating the spin wave spectrum of MnF 2, which has the same crystal structure as Mn02. The spin wave frequency starts at a finite value at zero wave number, corresponding to the antiferromagnetic resonance frequency, but it goes down with increasing wave number qz along the z axis if the exchange constant between atoms neighboring along the c axis is greater than the exchange constant between a corner atom and a neighboring body-center atom. If the ratio of these exchange constants exceeds 1.2, the frequency becomes negative in a certain interval of qz. This suggested that for such a value of the ratio the simple antiferromagnetic structure known for MnF2 must be unstable and that instead a certain static spin wave must be realized. This idea of the present writer lead to Yoshimori's discovery of screw structure. It is noted in passing that a recent experiment by Owen 15 of the ESR in MnF2 diluted with ZnF2 revealed that the ratio mentioned above is very small and is negative.
The neutron diffraction pattern to be obtained from a screw structure is as follows. As known by the theory of magnetic scattering of-neutrons, only the component of the spin vector parallel to the plane of reflection is effective for magnetic lines. In this plane, the component along one coordinate axis and that along the other coordinate axis give rise independently to the line intensity if the neutrons are unpolarized. Each component oscillates sinusoidally in a screw structure so that the plus and minus phase differences between consecutive planes due to this sine wave, namely +qo and -qo, come into the scattered wave. Therefore the Bragg condition is modified as k'-k±qo= K,
where k' and k are, as usual, the wave vectors of the scattered and incident neutrons, respectively, and K is a reciprocal lattice vector. The direction of the vector qo represents the direction of the screw axis. The ordinary Bragg reflection lines are therefore .each split
